Defects during Plasma Transfer Arc (PTA) beam fusion additive manufacturing (AM) processing of Ti-6Al-4V, including lack of fusion, porosity variations, and solidification cracking, have been monitored using near infrared (1.62 µm) imagery at 300 Hz, 300 µm spatial resolution and melt pool sizes of greater than 12µ. The temperature evolution exhibits a periodic temperature modulation of more than 300 K, correlated with the scan rate reflecting several phenomena: (1) variations in plate translation speed and arc dwell time, (2) non-uniform, patterned substrate features, (3) heat transfer variation near the ends of the substrate, and (4) changes in plasma conditions as the arc approaches or surpasses the end of the substrate. Melt pool temperatures reveal differences in thermal conduction associated with subsurface or prior deposit layer structures. With these new monitoring capabilities, coupled with closed loop insitu feedback control provides manufacturing complex geometries with known microstructures, potentially void free, functionally graded materials, and selective reinforcement of metal structures appears likely.
Introduction
Metal additive manufacturing using Plasma Transfer Arc (PTA) beam fusion additive manufacturing (AM) techniques is particularly promising for high deposition rate, > 100 g/min, and large volume applications [1, 2] . Indeed, very large, intricate parts can be produced using the PTA beam fusion AM method. The process can exhibit cooling rates of 10 3 -10 4 K/s with significantly different temperature gradients in the longitudinal and transfer deposition directions leading to the production of columnar structures. The rapid cooling may also lead to variations in elemental distributions. Repeated processing to build 3D parts can lead to difference in the metal microstructure between layers. To control these effects, optical methods for real-time process control are essential. Optical signatures, including imagery, radiometric and spectral data, are particularly promising and are beginning to be developed for Selective Laser Melting (SLM) and other techniques. However, these signatures are rather process specific and require a new parallel development for the PTA beam fusion AM process.
Corrosion resistant high temperature titanium (Ti-6Al-4V) structural components are required for military aviation and space missions. For example, Aerojet Rocketdyne is now employing additive manufacturing to build operational RS-68 engines for the Delta 4 rocket and RL-10 upper stage engines for the Atlas 5 [3] . Metal additive manufacturing has the potential to be able to fabricate turbine blades optimized on one end for strength and on the other end for heat resistance.
Diagnostics are sought that can be incorporated in a feedback loop that optimizes build parameters to eliminate or at least minimize defects in the construction of high quality components. Correlations between optical signatures, process variables and the microstructure and mechanical properties of the final parts are critical to the process control scheme
Experimental
Melt pool temperature is a key process control variable for additive manufacturing [4] and we begin our process control evaluation with a survey of infrared imagery. A Xenics XEVA-FPA-1.7-320 Short Wave Infrared imaging camera with a thermo-electric cooled InGasAs focal plane array was used to monitor the evolving melt pool temperature and shape. A Spectragon band pass filter was used to limit the recorded images to the 1.625 +/-0.032 µm band. A spatial resolution of 800 m/pixel was achieved across the 256 x 320 pixel array. The temporal framing rate was 72 Hz. A photograph of a simple Ti-6Al-4V build produced by the Plasma Transfer Arc (PTA) beam fusion system is provided in Figure 1 . The build is 7 cm L x 1 cm W x 2.5 cm H. The evolving emissivity during the PTA process using an imaging Fourier transform spectrometer is being explored. The Telops, Inc. HyperCam is an imaging Fourier transform spectrometer that couples a Michelson interferometer to an infrared camera. A sequence of modulated intensity images corresponding to optical path differences are collected on a FPA forming an interferogram cube (i.e., an interferogram at each pixel). Fourier transformation of each pixel's interferogram produces a raw hyperspectral image. The maximum optical path difference (MOPD) defines the unapodized spectral resolution of up to 0.25 cm-1. The mid infrared IFTS uses a 320×256 pixel Stirling cooled InSb FPA which is responsive in the 1.5 -5.5 μm band. The very fast 16 tap InSb array frames at 1.2 kHz for the full 320 x 256 frame size and 6.0 kHz for a 128 x 128 pixel window. The single pixel instantaneous field of view is 0.11 mrad, providing a spatial resolution of 0.52 mm at the focal distance of 45 cm. Variation in spatial resolution across the central 32 x 32 pixels is less than 1%. The point spread function changes by less than 5% along a 5 cm depth of field. A subset of pixels, typically 128 x 128 in the present experiments, can be read out to improve acquisition rate at the expense of a reduced field of view. The rate at which hyperspectral images can be acquired depends on spectral resolution, FPA integration time, and the number of pixels in the image.
Results
At a PTA beam current of 65 Amps, the center of the melt pool reaches a steady temperature of T= 2025 ± 10 K and a melt pool size of 12.2 mm. Figure 2 illustrates an image of the surface temperature after 14 s of processing. Ti-6Al-4V (grade 5) titanium has a melting point of 1878 (solidus) -1933 K (liquidus) (1604 -1660 °C). The center of the temperature profile exceeds the melt temperature and the boundary of the melt pool is well resolved. The InGaAs camera clearly has the dynamic range, spatial resolution and signal-to-noise to effectively monitor the temperature, shape and dynamics of the melt pool. Calibration of the infrared camera to obtain evolving temperature maps is accomplished using standard blackbody sources. By limiting the observed scene to a small spectral region with a bandpass filter, the effects of surface emissivity on extracted temperatures are improved. However, metal emissivity depends significantly on temperature, surface oxidation, and phase. The emissivity changes significantly during deposition and across the melt pool, leading to errors in extracted surface temperatures. Indeed most MAM process control techniques do not account for this effect and require dynamic calibration to estimate a fixed surface emissivity. The estimates for emissivity are benchmarked by matching the temperature at the edge of the melt pool to the material property.
The error in temperature estimation from the uncertain emissivity can be greater than 100 K. An estimate of this error can be derived most easily when the camera employs a narrow band filter, using the Planckian intensity distribution. For the near infrared camera used in our recent PTA study, the systematic error is predicted as a function of emissivity in Figure 3 . A strong correlation between PTA current and observed surface temperatures has been observed as shown in Figure 4 . The current was increased from 40 -90 A in 10 A increments during the nearly 3 minute run. The substrate is translating back and forth at 1 cm/s producing the observed periodicity. The temporal resolution is outstanding and fully captures variation due to both scan location and arc current. The temperature evolution without deposition powder demonstrates a periodic temperature modulation of more than 300 K, correlated with the scan rate, as seen in Figure 5 . The structured, non-symmetric profile may provide insight into the deposition process, reflecting several phenomena: (1) variations in plate translation speed and arc dwell time, (2) non-uniform, patterned substrate features, (3) heat transfer variation near the ends of the substrate, and (4) changes in plasma conditions as the arc approaches or surpasses the end of the substrate. Adding Ti powder and purging the chamber with argon significantly modifies the temperature profile as shown in Figure 6 . A significant change in temperature is easily observed, indicating a strong sensitivity of the optical signature to processing condition. By correlating this signature with the quality of the built part, a scheme for process control may be developed. With these new monitoring capabilities, manufacturing complex geometries with known microstructures, functionally graded materials, and selective reinforcement of metal structures is likely.
This ultimate usefulness of temperature sensing of the metal pool, surrounding area and through the thickness of the build provides input for a closed-loop control algorithm real time feedback system capable of controlling the additive manufacturing system to produce defect free material. The temperature fluctuations can be seen in the thermal signature when defects are formed resulting for process variation which can be corrected in real time. Establishing the relationship between deposition/build process parameter settings and the quality of the produced material through the modeling provides a basis as to where and when defects may occur through controlling the feedback parameters resulting in a model that can predict how to build quality defect free parts. The real-time control algorithm includes controlling track width and height to torch power and parameter settings as part of the model of defect detection. 
Conclusions
Infrared (IR) and visible cameras and spectrometers are being developed to provide new analytical metrics for in-situ monitoring the quality of parts built during the Plasma Transfer Arc (PTA) beam fusion AM processing of Ti-6Al-4V parts. The melt pool geometry and thermal diffusion rate using mid infrared imagery has been developed in the present paper. Melt pool temperatures from infrared surface imagery may reveal differences in thermal conduction associated with subsurface or prior deposit layer structures. Optical signatures from the PTA generated metal gas plume may also be useful for process control. For example, visible emission spectra can be used to monitor the intensity of various atomic lines. These intensities are driven by the electron number density and electron kinetic energy distribution (electron temperature). Furthermore, the statistical distribution of hot particulates ejected during PTA may be monitored using high-speed visible video. Ejected particulate interaction with the build laser and the resulting effects on the melt pool plume and surface temperatures may significantly affect build quality. These monitor generated data are fed into a closed-loop real time feedback to the PTA beam fusion processing parameters leading to the capability to produce defect free parts.
